A manometric assay system employing ascorbate and N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) was used to quantitate terminal oxidase activity in bacterial non-proliferating whole cells. A wide variety of physiologically diverse bacteria, all of which were grown heterotrophically, was tested by this assay. For this survey study, 79 bacterial strains, which represented 34 genera, were used. Turbidimetrically standardized resting (non-proliferating) cell suspensions were prepared from cells harvested at the late logarithmic growth phase; all cells were grown under identical nutritional conditions. The TMPD oxidase activity obtained quantitatively correlated exceptionally well with results of the standard Kovacs oxidase test. In fact, the increased sensitivity of this quantitative assay allowed for further reclassification within the two major divisions of Kovacs oxidase-positive and -negative groups. Groups I and I1 contained all of the oxidase-positive microorganisms and the bacteria listed in group I had the highest TMPD oxidase rates, the QO2 values (microliters of 0, consumed per hour per milligram [dry weight] at 30 C) ranging from 393 to 2,164. The organisms listed in group I1 still had moderately high TMPD oxidase activity, the Qo2 values ranging from 27 to 280. All oxidase-negative bacteria fell into groups 111 and IV. Bacteria in group 111 had low but still measurable TMPD oxidase rates, the Qo2 values ranging from 3 to 33, whereas the bacteria found in group IV were inert and unable to oxidize TMPD. A grouping analysis allowed for the resolution of that point which separates oxidase-positive from oxidase-negative bacteria. This point, for non-proliferating cells, was found to be an absolute TMPD oxidation QOz value of 33 (after correcting for the endogenous rate by subtraction) and a Qo2 (TMPD/endogenous) ratio of 5; the latter parameter indicated that the uncorrected TMPD oxidation QU2 value had to be five times greater than the rate for endogenous respiration. All Kovacs oxidase-positive organisms were found to have TMPD oxidase QO2 values greater than these two metabolic parameters, whereas all Kovacs oxidase-negative organisms had lower values.
N , N , N ', N ' -tetramethyl -p -phenylenediamine (TMPD) oxidation readily measured cytochrome oxidase activity in intact nuclei preparations, whereas cytochrome c oxidation could not be used for such determinations. Reduced TMPD readily penetrated the nuclear membrane barrier and allowed for the full expression of the terminal oxidation rate. The comparative cytochrome c oxidase rate was only fully expressed when either (i) detergent was added to the intact nuclei preparation, or (ii) when the latter was treated by sonic irradiation. This observation and one made by our laboratory, which showed that one could precisely and quantitatively measure terminal oxidase activity in non-proliferating bacterial whole cells using Azotobacter vinelandii (8) and Neisseria species (101, suggested t h a t this technique could be applied to measure terminal oxidase activity in other bacteria. Our findings (8) indicated that reduced TMPD readily penetrated the A . uinelandii whole cell and that TMPD could be oxidized by the membranebound cytochrome-dependent terminal oxidase associated with the electron transport particle in a manner identical to that carried out by the intact calf thymus nuclei preparations. The non-proliferating A . uinelandii whole cells could not oxidize cytochrome c even though the electron transport system of A . uinelandii does have the capability of carrying out this oxidation reaction (13). Studies which ernployed varying TMPD concentrations also showed that the reaction kinetics exhibited by the A . vinelandii whole cells (8) were almost identical to those previously noted for the Azotobacter elec-INT. J. SYST. BACTERIOL. tron transport particle (7, 9) . Previously, both the TMPD and cytochrome c oxidase activities were shown to be exclusively associated with the particulate membrane-bound enzymes found in the Azotobacter R; electron transport fraction (7, 9, 12, 13) . In an analogous type of study with different Neisseria species (a strongly oxidase-positive group of organisms), it was shown that the TMPD oxidase rate for whole cells was at least 10 to 20 times greater than that noted for growth substrate oxidations (lo), and again it was possible to establish with two organisms of this genus ( N . catarrhalis and N . flaua) that TMPD oxidase activity was exclusively associated with the electron trans-, port particle (11). These results led us to conclude that this type of TMPD oxidase assay, which employs metabolically active, non-proliferating whole cells specifically turbidimetrically standardized resting-cell suspensions, would be useful in examining a large variety of heterotrophically grown organisms in order to determine the extent, or degree, to which TMPD oxidation occurred. The TMPD oxidase rate, or the QOP value for TMPD oxidation, could be quantitatively estimated for a variety of different bacteria, and this value could then be analyzed in a comparative manner as it is currently performed (qualitatively) for the Kovacs oxidase test (14, 21) . The unique feature of the assay described in this communication is that it is a quantitative procedure which allows for the direct estimation for the TMPD oxidase QOD value (microliters of 0, consumed per hour per milligram [dry weight] at 30 C) by manometry; in essence it is a "quantitative oxidative test." In theory this can be done since both the Kovacs oxidase test and the procedure described herein utilize TMPD to measure the cytochrome-dependent terminal oxidase reaction in bacteria. The use of TMPD or other pphenylenediamine derivatives as electron donor dyes, for both microbiological and biochemical studies, has already been described in detail (7-10, 12) . In principle, any p-phenylenediamine derivative could be used to measure terminal oxidase activity in bacterial electron transport systems of oxidase-positive organisms. The only difference would be a quantitative one, since the relative rates of this oxidation reaction would vary depending on the derivative used. A comparative study in which different p-phenylenediamine derivatives were used to measure terminal oxidase activity in the A . vinelandii electron transport particle has already been published (9, 12). Interestingly, the ortho-and meta-derivatives were found to be inert and could not be used to measure A . uinelandii terminal oxidase activity. In this communication we wish to report on a survey study in which 79 organisms, representing 36 genera of bacteria, were examined for their capability to oxidize TMPD quantitatively. A preliminary report of the data given in this communication has been presented elsewhere (12; D. N. McQuitty, 0. Marcucci, and P.
Jurtshuk, Abstr. Annu. Meet. Am. SOC. Microbiol. 1974, P152, p. 170) .
MATERIALS AND METHODS
Microorganisms and cultural conditions. The bacterial cultures used for this survey study are listed in Table 1 . The sources are identified in Acknowledgments, Non-proliferating resting-cell suspensions were prepared from cells grown at 30 C on nutrient broth (Difco) which contained 1% (wt/vol) sucrose supplemented with 0.5% (wtlvol) yeast extract (Difco). The marine bacteria, the Vibrio parahaernolyticus strains, and the Pseudomonas bathycetes strains were grown on this same medium to which 1.5% (wt/vol) NaCl was added. Vitreoscilla stercoraria strains were found to be more fastidious and were grown on the same medium except that 1% (wt/vol) glucose was substituted for sucrose and the medium also contained 0.25% (wtlvol) dipotassium phosphate. All seed cultures were allowed adequate time t o adapt to the above-mentioned media, and batch cultures were grown in 400-ml quantities in L-flasks that were placed on a rotary shaker (72 cycleslmin). For every culture, growth was monitored turbidimetrically so that the final batch cultures were harvested (by centrifugation) at the late logarithmic phase (that point which exactly represented two-thirds of the maximal growth concentration). After centrifugation, resting-cell suspensions were prepared, suspended in 0.2 M potassium phosphate buffer (pH 7.51, and standardized turbidimetrically so that a 1l100 dilution gave a reading of 0.700 to 0.800 optical density unit at 420 nm.
Enzyme assay conditions. The chemical and enzymological methods used in this study are identical to those previously described (7, 9). Manometric assays were performed at 30 C using conventional Warburg flasks of 15-ml capacity. All reactions were initiated by the addition of both ascorbate (20 pmol) and TMPD (10 pmol) from separate side arms after the initial temperature equilibration period of 7 min. The main compartment contained 33.3 mM phosphate buffer (pH 6.01, the bacterial resting-cells preparation, and deionized water to a total volume of 3.0 ml. The center well contained 0.2 ml of 2 M KOH solution. TMPD oxidase analyses employing resting-cell suspensions of the marine organisms were assayed both in the presence and absence of 1.5% (wtlvol) NaCl. Higher TMPD oxidase values were obtained when NaCl was omitted from the assay system (reported in Fig. 1 ). Suitable controls were always incorporated into all manometric runs so as to insure that no ascorbate oxidation had occurred in the absence of TMPD, and the necessary precautions were also undertaken to insure that no chemical autoxidation. reaction had occurred that would have interfered with the bacterial terminal oxidase assay (7). All activities for the ascorbate-TMPD oxidase assay are reported using the conventional Qo2 value which was defined above. Figure 1 shows a composite analysis of the data obtained from our survey study. The absolute QOz TMPD oxidation value, corrected for the endogenous respiration by subtraction, is plotted as a function of the TMPD/endogenous ratio. The abbreviations used in Fig. 1 (representing the generic names of the bacteria) are identified in Table 1 , which lists alphabetically, for each group, the genus and species name of bacteria, the ATCC number or other strain designation, the Kovacs oxidase reaction, and the source(s) from which the microorganism(s) was obtained. In this figure the ordinate expresses on a logarithmic scale the corrected Qo2 value for TMPD oxidation, which was obtained by subtracting the endogenous respiration value (TMPD -endogenous); the endogenous value was defined as the respiratory Qo2 value obtained in the absence of ascorbate-TMPD. The abscissa expresses the ratio of the uncorrected TMPD Q02 value relative to the endogenous respiration value also plotted on a logarithmic scale. A Qoz (TMPD/endogenous) ratio of 100 means that the TMPD oxidation value is 100 times greater than the endogenous, whereas a Qoz (TMPD/endogenous) ratio of 1 indicates that TMPD oxidation and endogenous values are the same; i.e., there is essentially no TMPD oxidation. This type of double logarithmic plot enabled the bacteria to be grouped according to their capability to oxidize TMPD; the highest oxidation values represent those farthest away from the origin, i.e., those found in group I. The least active are those listed in group IV. The data shown in Fig. 1 correlate perfectly with the Kovacs oxidase reaction (see Table 1 ); groups I and I1 contain all Kovacs oxidasepositive bacteria whereas in groups I11 and IV one finds all the oxidase-negative organisms. In fact the TMPD oxidase assay was so sensitive that it allowed for a further separation of KOvacs oxidase-positive bacteria. Those in group I had very high TMPD oxidase QO2 values, whereas those organisms in group I1 had, on a relative basis, only moderately active TMPD oxidase activity. A separation of Kovacs oxidase-positive bacteria from the -negative bacteria represents that line which surrounds the organisms listed in group 111, namely, the bacteria which have a low (but still measurable) TMPD oxidase QOz value. The organisms in group IV were essentially devoid of TMPD oxidase activity.
RESULTS
The Kovacs oxidase-positive bacteria listed in group I had high corrected TMPD Q02 values which ranged from 393 to 2,164 as well as high TMPD/endogenous ratios ranging from 23 to 197. In this group one finds the Achromobacter, Azotobacter, Neisseria, Pseudomonas, and Spirillum species. Azotomonas insolita had the highest QO2 value of any of the bacteria surveyed; it possessed a corrected TMPD QOz oxidation value of 2,164 and a TMPD/endogenous ratio of 197. The oxidase-positive bacteria listed in group I1 exhibited intermediate but still relatively high TMPD oxidation rates, the Q02 Values ranging from 27 to 280 and TMPD/endogenous ratios ranging from 5 to 46. Organisms in this group included members of Aeromonas, Flavobacterium, Micrococcus, and Vibrio species. Micrococcus luteus is also in this group and is considered to be oxidase variable (1). It is this group of organisms which is most closely associated with those found in group 111, which include all Kovacs oxidase-negative bacteria. The organisms in group I11 had low but still measurable TMPD oxidase activities which ranged from 3 to 33 and also low TMPD/endogenous ratios ranging from 1 to 5. This group includes many organisms of the family Enterobacteriaceae as well as Acinetobacter, Bacillus, and Mycobacterium species. Six Escherichia coli strains (10 isolates), when analyzed for TMPD oxidase activity, fell within the range of activity defined for group 111. It is of interest to note the relative scatter of points obtained for these various E . coli strains; all appear to be well confined within this group. One point of particular interest would be the extent TMPD oxidation might occur with the "oxidase positive" E . coli mutant HfrH 1060, which has already been somewhat partially characterized in the literature (18).
The organisms listed in group IV could not oxidize TMPD to any meaningful degree; the bacteria in this group had corrected TMPD oxidase rates ranging from 0 to 3 as well as very low TMPD/endogenous ratios which ranged from 1 to 2. The genera of organisms falling in group IV include Gafflzya, Lactobacillus, Pediococcus, and Streptococcus as well as some species of the family Enterobacteriaceae. The inability of these organisms to carry out TMPD oxidation can be attributed either to: (i) the lack of intracellular c-type cytochromes, or the absence of a functional terminal oxidase, i.e., cytochromeso, a,, a2, or a+a,(in organisms possessing solely the functional flavoprotein-type electron transport systems) (6); or (ii) the fermentative-type organisms which completely lack cytochrome components, as in the case of the lactic acid bacteria (4).
Another artificial electron donor, 2,6-dichloroindophenol (DCIP) , could readily replace TMPD in measuring the %terminal oxidase activity using bacterial whole cells. For Azotobacter vinelandii, the rate of DCIP oxidation (Qo, value) was approximately one-half that obtained with TMPD when comparisons were made at the same concentration levels. The kinetics of DCIP oxidation by A . vinelandii whole cells, relative to that of TMPD oxidation, has been described in detail elsewhere (8).
DISCUSSION
From this survey study, it is possible to make certain generalizations concerning TMPD oxidation by bacterial whole cells. This olxidation has long been known to measure terminal oxidase function as does the cytochrome c oxidase reaction (7-10, 12). As we have shown, standardized resting-cell suspensions, prepared from cells grown under "standard' conditions and harvested at the late log phase, can oxidize TMPD. This reaction can then be measured by manometry, and the data obtained can be compared with the. hitherto qualitative Kovacs oxidase test. The reproducibility of the Qo2 value obtained for the TMPD oxidation by different strains ofBranhamella (Neisseria) catarrhalis, V. parahaemolyticus, and E . coli strongly suggests that the estimation of the TMPD oxidase QO2 value will have taxonomic value, particularly if the cellular oxidation rates can be compared at the identical phases of the bacterial growth cycle under nutritionally defined conditions.
This study also has allowed for the resolution of that point which separates the Kovacs oxidase-positive from oxidase-negative bacteria. .* This represents a QOz value for TMPD oxidation of 33 (after correction for the endogenous) and a TMPD/endogenous ratio equal to 5. The QOQ values for endogenous respiration are very important for group classification as exemplified by the data obtained for the intensely Kovacs oxidase-positive V . parahaemolyticus and the oxidase-negative E . coli. Both organisms show absolute TMPD oxidation Q02 values of approximately 30; however, E . coli shows a TMPD/ endogenous ratio of approximately 5, whereas V. parahaemolyticus has a ratio of about 30. This difference is reflected solely in the endogenous QOz respiration value; this value was high for E. coli, but not measurable for most of the Vibrio species analyzed in our study. Therefore, the estimation of the endogenous would undoubtedly play a major role in the group classification, particularly with oxidase-positive organisms that have relatively low TMPD Q02 oxidase rates. As mentioned previously, the inability of group IV bacteria to oxidize TMPD can be attributed to the absence of a c-type cytochrome and/or to the lack of a functional terminal oxidase, i.e., cytochrome 0, a+a,, etc., or to both. Many of the bacteria listed in group IV have previously been shown to lack cytochrome components (4); others only possess the flavoprotein-type electron transport systems that are completely devoid of cytochrome components (6). The importance of a c-type cytochrome being present for measuring terminal TMPD oxidase activity is demonstrated by Pseudomonas maltophilia, which of all the pseudomonads studied has been shown to lack cytochrome c (19). This organism and Vibrio cholerae biotype proteus were intentionally included in our survey study because both were therefore exceptions to the other species analyzed within these genera (20) . It has never been established why V . cholerae biotype proteus is oxidase negative, unlike almost, all other Vibrio species.
Another point of interest concerns the Kovacs oxidase-negative organisms listed in group 111. Although many organisms in this group have some capability to oxidize TMPD, as does E. coli, they are still considered oxidase negative. Of interest, however, are organisms of the genera Mycobacterium, Nocardia, and Streptomyces and of some Bacillus species which are "obligately aerobic" yet lack significant TMPD oxidation capability and are in essence Kovacs oxidase negative. This would imply that, in such oxidase-negative obligate aerobes, there must be a type of terminal oxidase that allows for some residual TMPD oxidation or that perhaps a permeability problem exists which prevents TMPD from entering the cell and thus does not allow this electron donor to be oxidized at the high rates observed for most oxidasepositive organisms. This residual TMPD oxidation rate must be of some importance as it appears to be of a magnitude that allows these organisms to be differentiated from those found in group IV, which completely lack TMPDoxidizing capability. Such aerobic organisms therefore have terminal oxidases capable of reacting with molecular oxygen, yet the apparent oxidative turnover rate cannot be measured maximally by assaying for TMPD oxidation. A terminal oxidase from Mycobacterium phlei has already been isolated which consists of a complex containing cytochrome a+a, and cytochrome o (16, 17). The published reports indicated that these cytochrome components are reducible by TMPD but that the purified mycobacterial terminal oxidase apparently does not oxidize TMPD catalytically. In contrast to the studies on M . phlei, in A . vinelandii, a n organism which falls into group I, it has been possible to isolate and purify a terminal cytochrome oxidase using the ascorbate-TMPD oxidation Microbiol. 1973, p. 136, p. 193) .
SOC.
Lastly, two organisms falling into group IV also show some interesting metabolic features that pertain in general to their oxidative metabolism, Organisms of this group would have corrected TMPD QOP values that would be barely measurable. Xanthomonas phaseoli, an oxidase-negative bacterium, although possessing an oxidative respiratory metabolism (21, cannot oxidize TMPD. This suggests that this organism possesses a terminal oxidase that cannot react with TMPD to any measurable extent. The filamentous trichome-forming Vitreoscilla stercoraria (which lacks flagella but possesses gliding motility) is also found in group IV. This latter organism appears to lack both a-and c-type cytochromes (5, 15, 22) but contains cytochrome 0, which has recently been purified (15, 22). Vitreoscilla lacks TMPD oxidative capability, and even its electron transport particle cannot oxidize TMPD (5), and this inability to oxidize TMPD might be due to the absence of the c-type cytochrome as was the case for P. maltophilia.
All indications to date suggest that high (group I) o r moderately high (group 11) TMPD oxidase activity will be found in those bacteria which possess an integrated terminal or cytochrome oxidase enzyme complex consisting of both a c-type cytochrome and a terminal oxidase component such as cytochrome o and/or a + a3, possibly in combination with cytochrome a, or a2. This latter point has been thoroughly discussed in a recent review article (12).
